We sought to identify the major environmental factors that affect the diversity and distribution of Poaceae in the savannas of the Amazon Estuary. The study was conducted across seven areas of savanna in the Amazon Estuary, within which 160 subplots of 1 m 2 each were established within four 10 × 100 m plots. Soil samples were collected at a depth of 0-20 cm. A total of 24 Poaceae species were recorded. Only two were common to all of the areas studied (Axonopus aureus P. Beauv. and Anthaenantia lanata (Kunth) Benth). The edaphic factors that most influenced the Poaceae in the savannas studied were organic matter, coarse sand, and silt contents. Conversely, rainfall had no effect. The floristic and structural characteristics of the savannas studied suggest that Poaceae communities exhibit low diversity and a peculiar distribution pattern in which a group of species predominate in a given stretch, creating a homogeneous physiognomy. Our findings suggest that the structure of these communities is related to a gradient of soil texture, the percentage of Axonopus and Trachypogon coverage increasing and decreasing, respectively, along that gradient. These data can contribute to the understanding of plant-soil interactions in this environment, promoting strategies for conservation, management, and revegetation.
Introduction
Throughout the Atlantic zone of the Amazon Estuary between the Amazon Rainforest and the coast, there are patches of savanna, commonly known as campos ("fields"). These areas are part of a complex mosaic along the coastline resulting from the extraordinary amount of fine and clayey sediments deposited by the Amazon River (Ab'Saber 2002). According to Rossetti et al. (2010) , the landscape in the region shows the changes that have occurred in the physical environment due to the reactivation of tectonic faults during the late Quaternary, supporting a dynamic history of paleochannel abandonment, which regulated several inter-related parameters (soil type, topography, and hydrology). The expansion of these savannas might be linked to environmental changes that occurred during the Holocene, such as those related to coastal progradation due to sea level changes and alterations caused by anthropic activities, such as the use of fire (Toledo & Bush 2007) . Within this mosaic, there are patches of savanna between the Amazon Rainforest and the Atlantic coast, from the city of Calçoene in the state of Amapá to the city of Maracanã in northeast Pará, containing soil that is deep to moderately deep and moderately to well drained, varying in texture with low to very low fertility. The northern part of Amapá also features concretions of various diameters (Alves et al. 1992) .
Similar areas of open vegetation are found in other parts of the Amazon region. Those areas vary in size and exhibit distinct flora (Miranda & Carneiro-Filho 1994) . However, despite their distance from the savannas in Central Brazil, they also show floristic and physiognomic similarities (Ratter et al. 1996) .
Soil type is one of the most important abiotic factors that affect the distribution of plant species in this ecosystem (Ratter et al. 1996; Miranda et al. 2003) . Specifically, the soil texture and aluminum concentration is the main factor responsible for variation (Miranda & Absy 2000; Miranda et al. 2003) , which can only occasionally be explained by the chemical composition (Beard 1953; Ruggiero et al. 2002; Rossetti et al. 2010) .
Nearly every study on abiotic factors in savannas examines the woody stratum, although the subshrub and herbaceous strata are responsible for a significant part of the richness. Poaceae often present the largest number of species, including the forage that sustained the livestock industry in the Amazon region until the beginning of the 1960s (Castro et al. 1999; Camarão & Souza Filho 1999) .
Despite the ecological and economic importance of grasses, there have been few studies addressing grass spe-cies in the Amazon savannas. That is because species identification is difficult or because studies on the herbaceous stratum in general are rare, resulting in significant gaps in our knowledge about the abundance, diversity, and distribution of Poaceae. More efficient utilization of the Poaceae species that are native to the tropics would be feasible if sufficient information on the composition and structure of these resources were more readily available (Coradin 1978) . Therefore, identifying which factors are directly involved in determining the diversity of these communities is critical for managing these areas (Camarão & Souza Filho 1999) . In view of these considerations, this study sought to determine the major environmental factors that influence the diversity and distribution of Poaceae in the savannas of the Amazon Estuary. The hypothesis tested is that soil texture and aluminum concentration are the most important factors that influence the abundance and distribution of Poaceae, as has been shown for the savannas in the state of Roraima (Miranda & Absy 2000; Miranda et al. 2003) .
Materials and methods

Study areas
We selected seven areas of savanna within the Amazon Estuary, moving from north to south (Fig. 1) . Many of these areas appear to be small islands within another type of vegetation. The first five areas are in the state of Pará: Campo da Mangaba (hereafter, Mangaba: 0°45'S; 47°32'W), located in the municipality of Maracanã and covering 2500 ha; Itapuá (0°49'S; 48°05'W), located in the municipality of Vigia Pará (hereafter, Vigia) and covering approximately 1500 ha; and Camará (0°52'S; 48°35'W), Joanes (0°50'S; 48°31'W), and Deus-me-Ajude (0°46'S; 48°37'W), all located in the municipality of Salvaterra, on the island of Marajó, within a patch of approximately 25,000 ha on the southeastern part of the island. The sixth and seventh areas are in the state of Amapá, in the municipalities of Macapá (Santo Antônio Community, 0°02'N; 51°04'W) and Calçoene (Cunanin Road, 2°30'N; 51°00'W), respectively, on the edges of a large patch (approximately 900,000 ha).
The topography of the study area is predominately flat, with smooth undulations in the savannas in northern Amapá. The elevation ranges from 14 to 25 m above sea level. The climate of the region is an attenuated form of type Awi in the Köppen classification system, characterized by a dry period of three to four months and an average annual temperature of 26°C (Moraes et al. 2005) . In the 2000-2005 period, the annual precipitation ranged from 2288 mm, in Macapá, to 4781 mm, in Calçoene (Fig. 2) .
The rainiest period is between January and May for all of the study areas, except for Maracanã, where the average precipitation levels in January remain low (90.98 mm). In all of the study areas, the months of September, October, and November are the least rainy, with averages below 50 mm (Fig. 2) . In Calçoene and Itapuá, the average precipitation is above 100 mm for eight and nine of the year, respectively, whereas the other areas only reach that level for five months of the year. The overall seasonal precipitation pattern is similar for all of the areas, the precipitation levels being lowest (< 50 mm) during September, October, and November and highest from December to May (Fig. 2) .
The savannas of the Amazon Estuary exhibit a variety of environments such as grasslands, tree savanna, shrub savanna, woodland savanna, and park savanna. The areas studied present a woodland savanna physiognomy (Barbosa & Miranda 2005) consisting of sparse individual small trees (2-5 m in height), predominantly sandpaper trees (Curatella americana L), locustberry (Byrsonima spp.), bate-caixa (Salvertia convallariodora St. HM.), Caribbean trumpet trees (Tabebuia caraiba (Mart.) Bur.) and sucuba (Himatanthus articulatus (Vahl) Woodson); individual shrubs measuring 40-60 cm in height; and an herbaceous stratum composed, in large part, of Poaceae and Cyperaceae.
All of the areas showed signs of previous fires. At the time of the inventory, the herbaceous strata had recently recovered from fires that occurred during the preceding dry months. Only one area (Deus-me-Ajude) was partially grazed.
Sampling and analysis methods
Four plots, each measuring 10 × 100 m, were marked off in each area (total area, 4000 m 2 ). Within each plot, we established 40 subplots, each 1 m 2 , using a systematic distribution of four subplots every 10 m. The distance between the plots ranged from 500 m to 1000 m.
In each 1 m 2 subplot, the percentage of coverage relative to the total herbaceous stratum was estimated visually with the Braun-Blanquet scale, which is calculated by applying the following formula:
where Ai is the total area covered by species i, and A is the sum of the coverage for all species. All Poaceae species were collected, and their exsiccata were deposited in the herbarium of Museu Paraense Emílio Goeldi (code, MG). The field survey was conducted between May and June 2010, corresponding to the season when the most flowering occurs in the herbaceous stratum. The classification of the subfamilies and tribes followed the examples of the Grass Phylogeny Working Group (GPWG 2001) and the Catalogue of New World Grasses (Zuloaga et al. 2003) .
A superficial soil sample (0-20 cm depth) consisting of 20 subsamples was collected every 10 m along the plots. The soil samples were analyzed according to the guidelines established by the Brazilian Agency for Agricultural Research (EMBRAPA 1997). The pipette method was used in order to determine the texture. The pH was measured using a pH meter in a 1:2.5 soil-to-water solution. Nitrogen (N) was measured using the Kjeldahl method, and organic matter was measured with the Walkey-Black method. The P, K, and Na contents were extracted with Melish solution (0.025 N H 2 SO4 + 0.05 N HCl), measured using a UV-visible spectrophotometer, a flame photometer, and an atomic absorption spectrophotometer, respectively. We extracted Ca, Mg, and Al using a 1 N KCl solution. We measured Al by acid-base titration using NaOH (0.01 N), and we measured Ca and Mg with an atomic absorption spectrophotometer.
For structural analysis of the areas, we used the Shannon-Wiener diversity index (Shannon-Wiener 1949 , cited in Margurran 1991 ) and Pielou's evenness index (Pielou 1969 , cited in Margurran 1991 . To measure the homogeneity of the relative coverage data for the various study areas, we performed a normalized principle component analysis (PCA), using a matrix of seven areas and 24 species. Another normalized PCA was performed to analyze the edaphic variables in the seven areas. All of the relative coverage and soil data were Log (n+1) transformed.
A co-inertia analysis was performed to facilitate simultaneous interpretation of the PCA results (floristic and edaphic matrices). Co-inertia analysis compares the structures revealed in a PCA to show whether the co-structure described by the major axes is similar to the structures described by the analyses performed for each data matrix (Dolédec & Chessel 1994) . The significance of the multivariate analyses was determined using the Monte Carlo permutation test. The ADE-4 software package (Thioulouse et al. 1997) included in the program R, version 1.9 (R Development Core Team, 2004) was used to perform statistical analyses. In all tests, the level of significance was set at p ≤ 0.05.
Results
The Panicoideae subfamily (20 species) accounted for 98.63% of the total coverage by family, whereas Chloridoideae accounted for 1.2% and Aristidoideae accounted for 0.1%. In all seven areas, the genera with the highest numbers of species were Axonopus and Paspalum, with five species each (Tab. 1).
Twelve species each accounted for less than 1% of the total coverage, and ten species collectively accounted for 94.38% (Tab. 1). The proportional coverage was highest for Trachypogon spicatus (L.f.) Kuntze (33.20%), Axonopus aureus P. Beauv. (21.46%), and Axonopus polydactylus (Steud.) Dedecca (8.63%), which were also among the tallest species, reaching 1-3 m in height.
Regarding the herbaceous stratum as a whole (Tab. 1), the coverage of Poaceae per area was highest (70.38%) in Camará, followed by Macapá (67.05%), Joanes (65.67%), Mangaba (63.04%), Deus-me-Ajude (62.32%), Calçoene (58.74%), and Itapuá (58.51%).
Calçoene, in the northern part of the state of Amapá, exhibited the highest richness (13 species; 54%) and the highest Shannon index value (2,038). Mangaba, in northeastern Pará, presented the lowest richness (5 species; 21%) and the lowest Shannon index score (831). However, the highest diversity estimates based on Pielou's index were observed in the Macapá and Itapuá savannas (760 and 767, respectively), whereas the estimate was lowest (457) for the Deus-me-Ajude savanna (Tab. 2).
Of the 24 Poaceae species raised, 18 are perennials and six are annuals. The species exhibiting the highest coverage are perennials. Among the annual species, Gymnopogon foliosus (Willd.) Nees, which was recorded only in the savannas located in Pará, showed the highest coverage per area, albeit less than 2% (Tab. 1).
Only two species (Axonopus aureus and Anthaenantia lanata) occurred in all of the areas (Tab. 1). Axonopus aureus predominated in Itapuá (19.71%); Axonopus polydactylus predominated in Mangaba (38.47%); Trachypogon spicatus predominated in Camará (43.46%), Joanes (38.12%), Deusme-Ajude (37.29%), and Macapá (29.13%); and Paspalum pulchellum predominated in Calçoene (15.47%).
The first two PCA axes explained 59.01% of the total variability in the data, the first axis explaining 22.57% and the second explaining 25.44%. Axis 1 was influenced by the species Trachypogon spicatus, which presented a positive eigenvalue (0.72), and by Mesosetum loliiforme (Hochst. ex Steud.) Chase and Paspalum pulchellum Kunth (Fig. 3) , which showed negative eigenvalues (-0.33 and -0.39, respectively). The second axis, in turn, was influenced by the species Axonopus polydactylus and Axonopus aureus (Fig. 3) and they exhibited negative eigenvalues (-0.53 and -0.45 respectively). The Mangaba savanna was floristically and structurally distinct because it shows a high cover percentage of A. polydactylus. The Itapuá and Calçoene savannas were grouped because of the predominance of P. pulchellum and M. loliiforme coverage. The Camará, Joanes, Deus-meAjude, and Macapá savannas were more similar floristically because of the predominance of T. spicatus, Deus-me-Ajude being slightly separate because of the predominance of Axonopus purpusii. Another observed tendency was that Macapá tended to group with Calçoene and Itapuá because it presented high cover percentages for M. loliiforme and P. pulchellum. This result shows a clear floristic and structural separation between the stretches of savanna in the Amazon Estuary (Monte Carlo test, p < 0.001).
Soil from the savannas of the Amazon Estuary was generally highly acidic (pH 4.4-5.4) and exhibited low nutrient levels. The chemical attributes of the soil were highly variable, and it had a predominantly sandy texture (Tab. 3). The PCA of the soil showed that the first two axes explained 83.65% of the variance in the data, the first axis explaining 57.05% and the second explaining 26.60% (Fig. 4) . Axis 1 was influenced by organic matter, showing a positive eigenvalue (0.33) for coarse sand and a negative eigenvalue (−0.0780) for organic matter. Axis 2 was influenced by silt, which presented a positive eigenvalue (0.60), and coarse sand, which presented a negative eigenvalue (−0.54) (Monte Carlo test, p < 0.001).
The ordination diagram (Fig. 4) shows that the soil gradient presented high silt contents in the Calçoene and Macapá savannas (upper left), high organic matter contents in the Camará and Deus-me-Ajude savannas (lower left), and high coarse sand content in the Mangaba savanna (opposite side). The other areas (Joanes and Itapuá) are relatively close to the center of the diagram, indicating a low correlation with the edaphic factors studied. The cluster of areas on the left side of the diagram showed high levels of organic matter, which was the variable most strongly correlated with the first axis and the factor that most influenced Poaceae distribution in the savannas evaluated.
The co-inertia analysis showed a significant correlation between the floristic and edaphic matrices (Monte Carlo test, p < 0.001). The first two axes explained 95% of the variance in the data (Fig. 5) . Axis 1, which explained 59% of the variability in the data, generated an ordination in which the areas with high levels of organic matter (Deus-me-Ajude and Camará) were clustered in the lower left, and the area with the highest coarse sand content (Mangaba) was on the opposite side. Axis 2, which was influenced by the silt content of the soil, explained 36% of the variability in the data, showing a positive correlation with areas with higher silt content (Itapuá, Macapá and Calçoene), at the top of the diagram, and a negative correlation with areas with lower silt content (Mangaba, Camará, Joanes and Deus-me-Ajude), at the bottom.
Trachypogon spicatus correlated with areas of high organic matter content; Mesosetum loliiforme and Paspalum pulchellum correlated with areas of higher silt content; and Axonopus polydactylus correlated mainly with sandy areas. These patterns were the same as those yielded by the PCA.
Discussion
It has been shown that the duration of the seasons and the amount of rainfall can influence the vegetation in the savannas of central Brazil (Goedert et al. 2008 ). In the present study, however, the difference in total annual rainfall between the areas sampled did not influence the distribution of Poaceae. The areas that presented similar rainfall features, such as Mangaba, Camará, Joanes, and Deus-me-Ajude, presented very distinct edaphic and floristic characteristics, whereas Macapá, Itapuá, and Calçoene, which are more floristically and edaphically similar to each other, exhibit different annual precipitation totals.
The results indicate that soil texture is the most important factor determining the Poaceae structure in the savannas of the Amazon Estuary. These results are in partial agreement with those reported by Miranda & Absy (2000) , who showed that soil texture and aluminum levels determine savanna physiognomy in the state of Roraima and differ from those found in the savannas of central Brazil, where chemical factors (pH and aluminum) are the best predictors of species density in herbaceous communities (Amorim & Batalha 2008) . The soil in the savannas studied exhibited higher clay levels in the middle and lower sections at the northern and southern edges. Clay particles promote greater stability of organic substrates, directly influencing organic matter accumulation in the soil (Coleman et al. 1989) . Similarly, higher coarse sand contents contribute to better drainage and, consequently, lower clay contents (Guimarães et al. 2002) . Four species correlated with the different environments: Trachypogon spicatus was correlated with soils with more organic matter; Axonopus polydactylus was correlated with soils with a greater sand content; and Paspalum pulchellum and Mesosetum loliiforme were correlated with soils with greater silt content. Although there are many factors that limit the occurrence of the Poaceae in the savannas of the Americas (Allem & Valls 1987) , low fertility was the only one of those factors observed in the savannas of the Amazon Estuary in the present study, corroborating the results obtained by Baruch et al. (1985) , Baruch & Gómez (1996) , and Baruch (2005) .
Among the seven areas studied, Trachypogon spicatus predominated in the Camará, Joanes, Deus-me-Ajude, and Macapá savannas, where the organic matter and clay contents were highest. This species was not found in the Mangaba and Itapuá savannas, which were areas with low organic matter and clay contents, as well as high coarse sand contents. Although this species is very important in tropical savannas and dominates the herbaceous stratum across large areas (López-Olmedo et al. 2006; Ramirez et al. 2007) , it is subjected to nutritional limitations, leading to the production of smaller plants in populations where the soil is less fertile (Baruch 2005) .
Soil with low water and nutrient availability is occupied by species with low nutritional requirements (Medina & Huber 1992) . The Mangaba savanna exhibited the highest coarse sand content and the lowest clay content, potentially influencing water and nutrient availability (Barros et al. 2009 ) and, consequently, the predominance of Axonopus polydactylus (38.47%), a species common to coastal woodlands (Cialdella et al. 2006) , where the soil is low in clay and organic matter, with low water and nutrient retention capacity (Cuzzuol & Campos 2001) . This may be one of the few savanna areas in the Amazon, if not the only area, where two Axonopus species dominate the herbaceous stratum (Takeuchi 1960; Coradin 1978; Bastos 1984; Allem & Valls 1987; Miranda & Carneiro 1994; Miranda & Absy 2000; Baruch 2005; Magnusson et al. 2008; Viana & Filgueiras 2008) .
The low fertility of estuarine savannas might reflect the environmental conditions to which ecosystems have been subject in the past (Miranda 2010) , and the intense anthropogenic activities have impacts that might be reducing the wealth of already fragile environments, such as the Mangaba savanna, the most disturbed and poorest in species of the savannas studied. The Itapuá, Macapá, and Calçoene savannas exhibited the highest soil contents of silt, which is a factor that diminishes soil permeability (Resende et al. 2002) . The lower permeability might have influenced the levels of Poaceae diversity and richness. Paspalum pulchellum, Mesosetum loliiforme, and Coleataenia stenodes, species typically found in humid areas (Rocha & Lins 2009) , stand out among the dominant species in these savannas.
These data differ from the results obtained by Araujo et al. (2002) in the state of Minas Gerais and by Pinder & Rosso (1998) in the Pantanal Biome, where higher species richness coincided with higher permeability. However, the data corroborate the findings of Munhoz & Felfili (2006) in humid savanna areas in the Federal District of Brasília, where Poaceae shows a high level of richness.
The ecological indices estimated for the Itapuá, Macapá, and Calçoene savannas suggest some uniformity of Poaceae coverage, with three or four species dominating the herbaceous stratum, whereas in areas with higher permeability (Mangaba, Camará, Joanes, and Deus-me-Ajude), only two species dominated the herbaceous stratum. This dominance by a few species influenced the low Shannon diversity results.
The coverage of the five species from the genus Axonopus (A. amapaensis, A. aureus, A polydactylus, A. pubivaginatus, and A purpusii) decreased from north to south, with values of 60.32% in Mangaba, 32.76% in Itapuá, 19.51% in Camará, 21.63% in Joanes, 21 .83% in Deus-me-Ajude, 14.04% in Macapá, and 7.5% in Calçoene. This gradient correlated positively with coarse sand content, whereas it correlated negatively with clay and organic matter contents. Axonopus was the genus that was most sensitive to changes in relation to the edaphic factors studied. Axonopus aureus, the only species of the genus occurring in all of the areas, showed the same tendency as the genus as a whole, presenting a higher coverage index in areas with higher coarse sand contents. Henriques & Oren (1997) . However, it will be welcome a biogeographic study involving cladistic analyses of Axonopus to understand the possible speciation processes of the group, may result in discoveries of new taxa of the genus. Although the soil gradient influenced the Poaceae coverage at the species and genus levels, the total percentage changed very little at the family level, even in the partially grazed area (Deus-me-Ajude), Poaceae accounting for an average of 63.67% of the total herbaceous stratum.
The percentage covered by Poaceae observed in the present study was greater than was found previously in western Pará (Magnusson et al. 2008) , where eight species of Poaceae were identified, with only two of them dominant (Paspalum carinatum and Trachypogon spicatus), although the total coverage of the family was 40.06%. In the savannas within the state of Roraima, Poaceae comprised only 19% of the herbaceous stratum in a survey performed by Takeuchi (1960) and 43.40% in a study conducted by Miranda & Absy (1997) . The dominance of Poaceae might be related to the homogeneity of the nutritional aspects of the soil over time.
Of the 24 species identified, 22 are also found in the savannas of Roraima (Coradin 1978; Miranda & Absy 2000) . Of the 24 species identified in the savannas evaluated in the present study (Türpe 1984) . The floristic composition in the areas is dominated by widely distributed Neotropical species, with a strong influence from the Roraima savannas.
In Brazil, savannas are the ecosystems in which invasive exotic Poaceae species create the greatest problems (Pivello et al. 1999) . However, no such problems were observed in the savannas studied, to which all of the species identified are native.
Because of the recent isolation of the Amazon savannas, differentiation and formation of new plant associations are occurring in these areas (De Granville 1982; Miranda & Carneiro-Filho 1994) . The floristic and structural traits of the savannas studied here suggest that the Poaceae communities, which are common in the American tropics, exhibit low diversity and a unique distribution pattern in which a homogeneous physiognomy of a group of species predomi- Deus-me-Ajude, Camará, Calçoene, Joanes, Macapá, Mangaba, and Itapuá. Al -aluminum; pH -pH in water; N -nitrogen; P -phosphorus; K -potassium; Na -sodium; Ca -calcium; Mg -magnesium; H+Al -hydrogen + aluminum; OM -organic matter. d, Statistical significance of the clusters by the Monte Carlo permutation test.
Four endemic taxa were found: Axonopus polydactylus, a species endemic to northern and northeastern Brazil (Cialdella et al. 2006 ) and recorded only in Mangaba; Axonopus pubivaginatus var. tomentosus, which is endemic to the Vigia savanna (Black 1963) and was recorded only in Itapuá, in the municipality of Vigia; A. pubivaginatus var. limae, which is endemic to the Marajó and Amapá savannas (Black 1963) and was recorded only in Camará and Joanes; and A. amapaensis, which is endemic to the Amapá savannas (Black 1963) and was recorded only in Macapá and Calçoene.
The low endemism is expected of areas with recent geological formation, such as the savannas studied, dating nates in each section. The data presented here suggest that the abundance and distribution of Poaceae are related to a gradient of soil factors, among which the organic matter, coarse sand, and silt contents were the most important. These data are useful for understanding the plant-soil interactions in this environment, which could promote strategies for conservation, management, and revegetation.
